Unitl recently, calibration of optical systems in the vacuum ultraviolet (1000 < A < 30002) was extremely difficult. With the exception of the atomic branchingratio method, the available techniques were not suited 1,2 to in-situ calibration of an optical system. Furthermore, the method of atomic branching ratios gave only a few scattered calibration points over a wide wavelength range and required two optical systems, one to calibrate the long-wavelength atomic line intensity (typically He 50152)
and one for use in the vacuum ultraviolet (typically He 5842).
For completeness, we mention some of the other calibration procedures that were available or suggested:
(1) doublemonochromator technique used with a thermopile detector, sodium salicylate detector, or photoionization detector, In this paper, we review the theory and the molecular band systems that may be used for intensity calibration in the vacuum ultraviolet (lOOO~< A < 3000~). The method is useful for wavelengths longer than 3000~as well.
Band systems at wavelengths longer than 3000~have not been included in this review since standard lamps are routinely used for intensity calibration at wavelengths longer than 2600~.
THEORY
Consider two molecular electronic states that are connected by an electric-dipole-a11owed transition. The 3 volume emission rate (photons/em sec 4nSr) will be given
where n v' -3 is the number density (em ) in level v' and A v'v"
is the transition probability (sec ). If the photons are incident on an optical system (monochromator + windows + detector) which has a spectral sensitivity R(A), then the measured counting rate (counts/sec) for a band (v' ,v") is given by s , " = GR O. , ,,) 13 , ".
G is a geometrical function involving the acceptance solid angle of the optical system, source characteristics, monochromator slit settings, etc. G is kept constant for observations of a given band system and is thus of no importance in determining the relative spectral response.
15
The transition probability is given by
where q , , is the vibrat ional overlap integral (Franck-
Condon factor), and v is the wave-number (cm ). The v'v" 
The relative intensities of bands belonging to a v" progression (v' constant) are independent of n , Eqs. (1,2,3) and depend v only on the branching ratios, so that
This means that the relative spectral response of the optical system can always be extracted from measurements of the relative counting rates for a given v" progression, independent of the ways in which the various v' are populated. ov' ov' e ov" (7) at sufficiently high electron energies (typically E > 100 eV), where f , i s the absorption oscillator strength. For ov lifetimes T which are sufficiently short, the molecule v' essentially radiates in situ and the equilibrium number density, n v' , is given by
where J represents the electron beam current densityo Then the relative counting rates in the band system are given by Eqs. (1,2,3,7 and 8)
The electronic transition moment usually varies across the band system, but when it is constant Eqs. (6) and ( Table V The LBH band system of N 2 consists of compact (full width at half maximum (FWHM) < 2~) single headed bands (1275 -2100~) which are readily excited by electron impact. The electronic transition (a-X) is forbidden by electric dipole interaction and proceeds mainly by magnetic dipole interaction although 26 there is some electric quadrupole contribution as well. 
-4
The lifetime of the a TI state is~1.60 x 10 g 26 seconds.
Thus the excited molecule can experience many collisions and can travel 5-10 cm before radiating. The vibrational population of the a-state may not be given by Eq. (8) . However, the relative emission intensities for bands belonging to a given progression (v' constant) will still be given by Eq. (6).
In Table III , we present the band-head wavelengths and relative emission intensities for the LBH system. The a-state vibrational distribution is strongly dependent on the experimental excitation conditions.
When the system is excited by monoenergetic electrons -4
(E > 100 eV) at low pressure « 10 torr), the vibrational Cascade into the A state has been shown to be negligible 33 36 « 1.5%) for moderately high electro n energies'
(> 100 eV).
The equilibrium vibrational distribution of the A state is thus given by Eq. 8. There is at least one reference (e.g. Ref. 37 ) in the early literature that reports that the electronic transition moment, R , is constant for this system. e
This early work suffered from inadequate intensity calibration procedures, which led to incorrect conclusions. In fact, R varies quite strongly with the r-centroid. e 9 Mumma et al.
have determined the dependence of R on r using an optical e system that was calibrated with the molecular branching ratio method (N 2 LBH system) and the atomic branching ratio method (NI multiplets). Table IV along with the band-head wavelengths. The lifetimes 36 38 of the levels v' are typically , -10 nsec, thus the limits of the emitting region correspond to the electron beam limits. For monoenergetic electron impact (> 100 eV) Table IV gives the relative volume emission rates directly.
When the vibrational distribution can not be described by Eq. (8), the relative volume emission rates of bands belonging to different progressions cannot be described by Table IV . However, the relative intensities of bands within a given progression (v' constant) will still be given by the appropriate row in Table IV . Broida showed that R was constant to within 10% over the e band system. We have therefore taken Albritton's intensity factors and wavelengths as representative of the relative emission intensities of these bands (Table V) . They may be used for calibration purposes in the range 2l00-2600~. with Eq. (9). They are given in Table VI and apply for electron energies in excess of 100 eV.
In practice, the NO+(A-X) system is simple to use for calibration purposes because the problem of overlapping bands is not nearly so severe, as with N 2 (LBH) or C04+. However, the wavelength range (1300-1600R) is somewhat limited.
ESTABLISHMENT OF A QUANTITATIVE CALIBRATION
The relative spectral response of an optical system may be established over a wide wavelength range by intensity measurements on the band systems mentioned. The spectral response may be made quantitative by determining the absolute detection efficiency at one wavelength, corresponding to establishing a value for G in Eq. 2.
At suffic':ently high impact energies; the excitation cross section, 0 v I , where a is the first Bohr radius, R is the Rydberg energy, o E I is the excitation energy, C is a constant, and E is ov el the energy of the incident electron.
In the absence of cascade into level v', quenching, or excitation transfer, the emission cross section of the (v' ,v") band is given by
was not populated by and thus depends established that on R through Eq. e 1 the COCA n) state 
The generalized oscillator strength has been accurately Lawrence on the scope of this paper. 
